Empty mollusc shells provide evidence of the species' presence over various temporal and spatial scales. However, the persistence of the shell can differ depending on the levels of soil pH and soil humidity. Although this is generally known, there are virtually no experimental data on shell decomposition rate and its relation to shell size and site conditions. Here we study disappearance and degradation rates of shells of nine common species covering the variation in shell size and ecological requirements of temperate European land snails. These shells were exposed to decomposition during a 3-year field experiment in six forest types, representing a gradient of soil pH and humidity. Rates of disappearance and (in larger species) of degradation were estimated by removing the exposed shells and measuring their condition after 6, 12, 24 and 36 months. The disappearance rate was modelled by generalized linear models in relation to species and forest type. The data showed an increase in shell disappearance rate from dry alkaline through to wet acidic forests, but the effect of species size outweighed that of habitat. While shells of large species only started to disappear after 3 years in wet acidic sites, most shells of small species had already disappeared by that time. In contrast, in dry habitats the loss of small shells only started after 3 years. The results clearly support the benefits of using empty shells in mollusc research, especially less damaged shells, which represent the individuals that were alive less than 2 years ago, regardless of shell size and habitat type. However, the marked differences in decomposition rate related to shell size and habitat also highlight the need to take these into account if a studied parameter is confounded with variation in shell size and/or site alkalinity or humidity.
INTRODUCTION
Mollusc shells can persist for a long time after the death of the animal and are thus an outstanding source of information for ecological (Cameron & Pokryszko, 2005) and palaeoecological studies (e.g. Ložek, 1964; Evans, 1969; Davies, 2008) . Recent litter samples contain a mixture of empty shells and those still containing body tissue. Empty shells sometimes predominate (e.g. Rundell & Cowie, 2004; Örstan et al., 2005; Clements et al., 2008) , but they are mostly damaged to various extents, suggesting their potentially different ages.
Numerous ecological factors have been postulated to affect the persistence and degradation rate of empty shells: (1) soil pH and calcium content (de Winter & Gittenberger, 1998; Schilthuizen & Rutjes, 2001; Schilthuizen, Chai & Kimsin, 2003; Müller, Strätz & Hothorn, 2005; Ström, Hylander & Dynesius, 2009 ); (2) drought (Cameron & Morgan-Huws, 1975; Cameron et al., 2003) and humidity (Barrientos, 2000) ; (3) insolation (Menez, 2002) and (4) activities of living animals that frequently use shells as a calcium source (for overview see Barker, 2004) . Some characteristics of the shell itself, especially its thickness (Millar & Waite, 1999) , have also been suggested to affect shell persistence. Long-term persistence and even fossilization are supposed to be linked with highly calcareous (e.g. Ström et al., 2009 ) and dry conditions (e.g. Cameron et al., 2003) . In contrast, rapid shell decay is known empirically from sites with a low soil pH and with high humidity (de Winter & Gittenberger, 1998; Barrientos, 2000; Müller et al., 2005; Ström et al., 2009) . A tendency for accumulation of large and usually thicker shells was recorded by Sólymos et al. (2009) and also mentioned by Schilthuizen (2011) . Hotopp (2002) assumed that minute shells (smaller than 3 mm, e.g. the genera Punctum and Carychium) could completely disappear within several months, while Boschi & Baur (2008) stated that in some (unspecified) habitat types shells could persist for several years before disappearance. Pearce (2008) focused explicitly on among-habitat differences in shell degradation. He did not find any differences among forests differing in vegetation cover and of similar pH, but provided the first experimental evidence of faster degradation of the shells of small species. On the other hand, the habitat type was found to play a dominant role in a study of shell degradation in fens along a gradient of pH and mineral richness (Cernohorsky, Horsák & Cameron, 2010) . Far less evidence exists about the physical alteration of shells during decomposition than for rates of shell disappearance.
However, to our knowledge, there has been no experimental study of the rate of shell degradation in relation to shell size and habitat conditions. Here, we present the results of a 3-year field experiment on shell disappearance and degradation rates of nine common European land-snail species covering almost the full size range of the European fauna. The experiment was repeated in six types of forest habitats representing the main types of temperate forests along the gradients of soil pH and humidity. We aimed to quantify the relative importance of shell size and habitat type on rates of shell loss, measured under a standardized protocol. For large species, which decompose much more slowly than small shells, we were also able to follow the degradation process in more detail by measuring the accumulation of small-scale damage on the shell surface that preceded shell disappearance.
MATERIAL AND METHODS

Studied species and sites
We selected nine common land-snail species to represent faunal variation in shell size, shape and habitat requirements (Table 1) , as models for the shell decomposition patterns of European species. All these model species occur frequently across the study region, although Columella aspera is limited to mountainous areas of Atlantic-like climate. Six forest types (oak-hornbeam forest, scree forest, spruce plantation, beech forest, alder alluvial forest and peat-bog pine forest) were selected to represent habitats on the gradient of soil pH and humidity in Central European forests (Table 2) . Essentially, alder alluvial and peat-bog pine forests can be considered as wet sites in terms of soil moisture, while oakhornbeam forest is dry. The remaining three habitats are intermediate in soil humidity. In terms of soil pH, the oak-hornbeam forest site is at the alkaline end of the spectrum, the peat-bog pine forest is strongly acidic; the remaining sites are slightly acidic. At each site we measured soil pH and calcium content in an accredited laboratory of the Institute of Geology of the Czech Academy of Sciences (IG CAS) and obtained annul precipitation from the Czech Hydrometeorological Institute (CHMI).
Experimental design
Shells were placed in the centre of polyethylene plastic boxes filled with local soil and leaf litter (hereafter referred to only as 'soil'). Boxes (16.5 × 16.5 × 8 cm) were perforated by 4 mm holes (density 1 hole/cm 2 ). Large shells were placed freely into the soil filling each box, while small shells were first put into permeable nylon bags (mesh size 320 μm; bag size 8 × 6 cm) along with the soil. The boxes were buried with their bottoms parallel with the boundary of the soil A horizon c. 15 cm deep, completely covered by leaf litter. Five shells of each of nine study species were placed in each box and four boxes were buried at each site during spring 2006 (i.e. 1080 shells used in total). The first box was excavated 6 months after burial, followed by further boxes after 12, 24 and 36 months. The entire contents of excavated boxes (litter, soil and shells) were dried for 14 d at room temperature. Shells were removed by hand or using soft forceps, and those recovered were counted. Each year chopped human hair was placed on the ground around the boxes in order to deter wild boars. In spite of this, one box in the spruce plantation and one in the oak-hornbeam forest was completely destroyed by wild boars, limiting the dataset from each of these habitats to the first three time intervals; some other boxes were partly destroyed (Table 3) .
Shell degradation and its measurement
The four large species (Arianta arbustorum, Xerolenta obvia, Alinda biplicata and Isognomostoma isognomostomos) mostly persisted even after 36 months. For these we measured four quantitative characteristics of degrading shells: (1) total area of pitted surface; (2) total area of 'windows' (see Results); (3) total area of holes and (4) total area of lost periostracum (Fig. 1 ). For analysis, these four characteristics were summed into a single variable 'damage', representing the overall state of shell degradation.
The proportion of damaged surface was measured on shell photographs in Image Tool v. 3.00 (available at http://ddsdx. uthscsa.edu/dig/itdesc.html). The shells were photographed from two sides (apical and umbilical for flattened and spherical shells, anterior and posterior for elongated shells) using an Olympus C-5060 Wide Zoom camera, or an Olympus U-eye UI-1440-C camera (only small species) mounted on an Olympus SZX 9 stereomicroscope.
Data analysis
We conducted two separate analyses. First, we analysed the rates of disappearance along with the time since burial, species size and habitat type for all nine study species. Second, we analysed the rate of damage to the shell surface, but only for the four largest species (Table 1) . We used generalized linear models (GLM) with quasi-binomial error structure (due to detected overdispersion; Crawley, 2007) and canonical logit link function to analyse the proportion of shells recovered within each box and time intervals. For the analysis of shell damage, we first calculated mean damage of the shells of a given species recovered from each box in order Nomenclature and ecological characteristics follow Horsák et al. (2013) . Mean values of measured shell height × width (n = 20) are given. Shell shape and surface type follow Kerney et al. (1983) . The first four species were considered as 'large', the next as 'intermediate' and the last three as 'small'.
to avoid pseudoreplication. This average value was then modelled by linear regression, first being square-root transformed to improve homogeneity of the distribution. Time since burial was expressed as the log-transformed number of months and species size was estimated as: ln(W 2 × H), where W = shell width and H = shell height. All computations were conducted in the R statistical environment (v. 3.2.5, available at www.r-project.org).
RESULTS
In total, we used 1080 shells of nine species (480 large, 240 medium and 360 small). After 36 months, we recovered 799 shells (428 large, 188 medium and 183 small); in total 74% of all used shells. During the study, 11% of large, 22% medium and 49% of small shells disappeared. After 6 months, 55 shells disappeared (20%, including 18 destroyed by wild boars); after 12 months another 40 shells disappeared (15%; including 10 destroyed by wild boars) and after 24 months another 45 shells disappeared (17%). In total, 28 shells (2.6%) were destroyed by wild boar activity. Percentage losses for all studied species and habitats are summarized in Table 3 .
Shell degradation patterns
The initial stage of shell dissolution is indicated by pitting (Fig. 1B) . Deeper and more extensive pitting turns into holes, a sign of advanced dissolution (Fig. 1C) . Holes covered by translucent, sometimes coloured, periostracum are referred to as 'windows' (Fig. 1D) ; this type of dissolution is especially common in small species, in which intact periostracum devoid of all calcareous material can be found (e.g. frequent in Columella aspera, less frequent in Nesovitrea hammonis and Cochlicopa lubrica). A different type of shell decomposition is loss of periostracum, which first separates from the calcareous material and then peels off (Fig. 1A) . The shell beneath a peeled periostracum often retains its original surface sculpture but, when unprotected, is prone to quicker dissolution.
Each of these four types of shell degradation occur in all three shell-size categories. Nevertheless, there are two distinctive degradation patterns. The first is typical of larger species (over 8 mm) and starts with periostracal rupture followed by dissolution of calcareous material by deepening of pits into large holes. Small and medium-sized species (less than 8 mm) tend to decompose from within according to the second pattern, in which calcareous material dissolves while the periostracum remains intact.
Effect of shell size and habitat type
Small shells started to disappear within the first 6 months in wet and acidic habitats, but not in dry habitats (Table 3 , Fig. 2B ). Columella aspera, the most resistant small species, started to disappear within the first 6 months in spruce plantation and peat-bog pine forest, but (except in alder alluvial forest) its shells persisted until the end of the experiment. Medium-sized species started to disappear within the first 6 months only in spruce plantation; in other habitats they persisted until 24 months (peat-bog pine forest) or 36 months (alder alluvial forest). Large shells only started to disappear by the end of the 36-month period in alder alluvial forest and peat-bog pine forest. In other habitats large shells persisted until the end of the experiment (with the exception of the shells destroyed by wild boars).
Shell size was the best predictor of the rate of shell disappearance (Table 4) , since the three largest species (Arianta arbustorum, Xerolenta obvia and Alinda biplicata) hardly disappeared during the 3 years of the experiment ( Fig. 2A, B) . The effect of habitat type was approximately half as strong as that of shell size, but still important (Fig. 2C-F) . The oak-hornbeam forest and beech forest sites had the lowest loss rates (Fig. 2D) , whereas shells disappeared significantly faster in the spruce plantation and peat-bog pine forest (Fig. 2F ). The scree site was similar to the first two types as only the smallest species disappeared in 3 years (Fig. 2E) , while the I  II  III  IV I  II  III  IV  I  II  III  IV  I  II  III  IV I  II  III  IV  I  II  III  IV Arianta arbustorum 100 100 100 -100 100 100 100 80* 100 100 100 100 100 100 -100 100 100 100 100 100 100 100
Xerolenta obvia 100 100 100 -100 100 100 100 60* 100 100 100 100 100 100 -100 100 100 100 100 100 100 100 I. isognomostomos 100 100 100 -100 100 100 100 40* 100 100 100 100 100 100 -100 100 100 100 100 100 100 100
Alinda biplicata 100 100 100 -100 100 100 100 60* 100 100 100 100 100 100 -100 100 100 80 100 100 80 60
Cochlicopa lubrica 100 -100 -100 100 100 100 100 100 100 100 100 100 100 -100 100 100 100 -100 100 80
Nesovitrea hammonis 100 -100 -100 100 100 100 100 100 100 100 0 80 80 -100 100 100 80 -100 60 80
Columella aspera 100 100 100 -100 100 100 20 100 100 60 100 60 60 80 -100 alder alluvial forest was similar with the second two types. The interactions are hard to interpret separately from the main effects within the binomial GLM framework, as they combine in the resulting shape of the relationship in a nontrivial way. The patterns of damage accumulation in large species followed trends similar to those of shell disappearance, but in this case only the main effects of time, shell size and habitat were significant (Table 5) . Since the effect of shell characteristics was much smaller then in the analysis of disappearance rate (c. 3 units to c. 8 units), its contribution to the explained variation was less than that of habitat (Fig. 3A, B) .
DISCUSSION
Smaller shells degrade faster
Shell size was the most important predictor of shell degradation rate (Fig. 2) with the first specimens of small species disappearing within just six months. In the habitats that most encouraged decomposition, i.e. alder alluvial and peat-bog pine forests, small shells mostly disappeared completely by the end of the third year since burial. This is in agreement with Hotopp's (2002) assumptions about the decomposition of small shells. However, in drier and more alkaline sites (i.e. oak-hornbeam and beech forests), minute shells persisted almost completely even after 3 years, and in scree forest the disappearance only just started at that time. It is clear that under favourable conditions even minute shells may persist for a relatively long time, of the order of months or several years.
Among small species, shells of Columella aspera were the most resistant (Fig. 2B) . Like the shells of the other small species, they started to disappear within first 6 months, but shell remnants (frequently only empty periostraca) were present even after 36 months in peat-bog pine forest. The periostracum of this acid-tolerant species, living e.g. on Vaccinium vegetation in peat-lands (WelterSchultes, 2012), is remarkably thick (unpublished data), giving the Figure 1 . Examples of shell degradation characteristics. A. Peeling periostracum; Arianta arbustorum exposed in a spruce plantation for 24 months. B. Pitting; Isognomostoma isognomostomos in a beech forest for 24 months. C. Holes; Xerolenta obvia in a peat-bog pine forest for 36 months. D. Windows; A. arbustorum in a peat-bog pine forest for 36 months.
shell the ability to withstand such harsh condition. The other two small-shelled species in the study (Carychium minimum and Vallonia pulchella) have relatively thinner periostracum (unpublished data) and this is reflected in their more rapid decomposition rate and lower incidence of periostracal windows.
The medium-sized species (Cochlicopa lubrica and Nesovitrea hammonis) showed the largest among-habitat differences in disappearance rates. In term of overall disappearance rate, medium-sized shells are more similar to large shells than to small shells (Fig. 2D) . The generally high persistence of large shells ( Fig. 2A cf. 2B ) may simply be a function of their larger mass of calcium carbonate. The thickness of the calcareous shell wall can also contribute to the durability of such shells. Observed shell dissolution starts at ruptures in the periostracum and the relative thickness of the periostracum in large-shelled species is usually lower than in small species (unpublished data). The durability of large shells is hence a consequence of the resistant shell wall. This corresponds with the different picture of ongoing corrosion in large shells and with the findings of other researchers about persistence of robust shells (e.g. Sólymos et al., 2009) .
The long persistence of large shells that we observed in all habitats corresponds with empirical evidence already reported (e.g. Millar & Waite, 1999 Schilthuizen, 2011) and to some extent supports Evans's (1972) conjecture of shell duration for tens or even hundreds of years in dry and alkaline conditions. In general, our measured decomposition rates of all shell size categories are slower than previously assumed (e.g. Schilthuizen et al., 2003; Müller et al., 2005; Ström et al., 2009) , emphasizing that molluscan shells are long-lasting objects.
How to use empty shells in molluscan studies
There is a lack of consensus among malacologists on the use of empty shells in field studies (see also Coppolino, 2010) . Some researchers have treated empty shells in the same way as live specimens regardless of their condition (e.g. Coppois, 1984; de Winter & Gittenberger, 1998; Hotopp, 2002; Tattersfield et al., 2006) , whereas others count empty shells only when they have an intact periostracum (e.g. Labaune & Magnin, 2001; Horsák & Hájek, 2003; Juřičková et al., 2008) . A third group of malacologists work only with live specimens (e.g. Hawkins, Lankester & Nelson, 1998; Martin & Sommer, 2004a, b; Schamp, Horsák & Hájek, 2010) . Occasionally, empty shells alone are used for specific purposes (e.g. Clements et al., 2008; Thurman et al., 2008) . This variation in approach makes sense, because empty shells provide qualitatively different information according to the studied environment and the purpose of the research. In particular, the large variation we found in persistence in relation to shell size and habitat conditions can inform decisions about the use of empty shells and the interpretation of results.
Advantages and limitations of use of empty shells
Biodiversity inventories aim to detect all species currently present at a site. Some species can typically be detected only from empty shells and thus inclusion of empty shells is recommended (Cameron & Cook, 1999; Thurman et al., 2008 ; Platyla polita or Cecilioides acicula, personal observations). Furthermore, the use of empty shells is especially helpful in simple compilations of biodiversity in spatially-and temporally-structured mollusc communities, since some species live only in certain microhabitats (Schilthuizen, 2011) or at certain seasons of the year (e.g. Vitrinidae; Horsák, Juřičková & Picka, 2013) . Empty shells are useful if sampling is carried out only once in the year and when recording rare species, as the probability of finding rare species as living individuals is affected by many external and intrinsic factors (e.g. Cameron & Pokryszko, 2005; Sólymos et al., 2009) .
In a classic study, Cameron & Pokryszko (2005) proposed 200 specimens as the minimal number of shells in a representative soil sample or to record at least ten times more shells than the number of recorded snail species. When counting only living animals, these thresholds can be problematic, especially when collecting samples during dry periods or in oligotrophic and dry habitats. Including empty shells can be essential for recording the majority of species, but the risk of counting species that are not currently present increases particularly for robust species with a large and thick shell. Such empty shells could potentially reflect past ecological conditions, especially if for example a successional change recently took place at the site (Schilthuizen, 2011) .
Some gastropods possess synchronized life cycles according to which their abundances fluctuate seasonally (e.g. Umińsky, 1983; Kralka, 1986) . These population fluctuations are buffered by the use of empty shells that can be found during the whole season. The use of empty shells can then compensate for the impoverishment of local gastropod check-lists (Cameron & Pokryszko, 2005) . In such cases, we recommend the use of 'fresh shells' or the 'periostracum criterion', as already adopted by some authors (e.g. Menard, 2000) ; P(>F), probability of observing a given F-value under the null hypothesis. , 2008) . This means that only fresh shells with intact periostracum, original colouration and without erosion of calcareous material should be counted for statistical analyses. In agreement with others (Evans, 1972; Cameron & Morgan-Huws, 1975; Davies & Grimes, 1999; Menez, 2002) , we conclude that shells found in topsoil lose their fresh appearance (e.g. intact periostracum) within 1 year of death. In small snails and semislugs, the best criterion of freshness of an empty shell is a transparent shell wall. However, special attention should also be paid to the presence of opaque empty shells of minute species in dry and alkaline localities, as our results suggest that they are able to persist in such sites for a relatively long time. The use of empty shells of large species is more problematic, because their durability is greater, so that they could potentially represent assemblages from former times (Table 3 , Fig. 2D ; Cameron & Pokryszko, 2005: 542) . Even subfossil shells sometimes occur commonly in the topsoil of suitable habitats such as dry grasslands and limestone outcrops, making it difficult to distinguish between 'new' (i.e. still occurring at the site) and 'old' (subfossil, perhaps extinct) shells. In mesic and wet forest habitats, which prevail in central Europe, shells more than 2 years old are often highly corroded. A marked loss of original colouration and strong pitting and/or holes, could then be used as an empirical threshold to indicate age and hence to evaluate shell utilization for research purposes. On the other hand, the longevity of some species could jeopardize this criterion, because apical corrosion, periostracum damage or even its total loss can occur even during the snail's lifetime (Menez, 2002; Morton, 2006) . Nevertheless, in living specimens holes through the entire shell wall are virtually absent. Another reliable indication of shell age is infestation by fungal hyphae; empty shells are frequently overgrown by mycelium, whereas living shells are never infested. Říhová, Janovský & Koukol (2014) showed that fungi are able to colonize the surface of empty shells of Cepaea hortensis within 3 months.
Conclusion
Shell degradation is a complex process driven by various factors, mainly related to characteristics of the shell and habitat. Based on our field experiment, two distinct degradation patterns were observed, distinguishing smaller species (shell <8 mm) and larger species, respectively. The former retained their periostracum while calcareous material was dissolved, while the latter lost their periostracum first. Small shells started to degrade within 6 months of death, with almost all shells disappearing within 36 months in humid and acid habitats. Large shells were more durable and started to disappear after 24 months, with the majority of studied shells persisting for the entire study period. The habitat type was found to be of less importance for shell degradation than shell size and other intrinsic factors. However, in dry and calcareous habitats shells of all sizes may persist for a long time, with the shell size becoming more important as habitat basicity and dryness increase.
We conclude that shells with a retained periostracum, original colouration and without major erosion of calcareous material (large holes through shell wall) can be used as data sources with virtually no risk of including species no longer occurring at the study site.
